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ABSTRACT
Recently, near-infrared GRAVITY@ESO observations at 2.2µm have announced the detection of
three bright “flares” in the vicinity of the Galactic center supermassive black hole (SMBH) that ex-
hibited orbital motion at a distance of about 6 − 11 gravitational radii from an ∼ 4 × 106M black
hole. There are indications of the presence of a large-scale, organized component of the magnetic field
at the Galactic center. Electromagnetic effects on the flare dynamics were previously not taken into
account despite the relativistic motion of a plasma in magnetic field leading to the charge separation
and nonnegligible net charge density in the plasma. Applying various approaches, we find the net
charge number density of the flare components of the order of 10−3 − 10−4 cm−3, while the particles’
total number density is of the order of 106 − 108 cm−3. However, even such a tiny excess of charged
particles in the quasi-neutral plasma can significantly affect the dynamics of flare components, which
can then lead to the degeneracy in the measurements of spin of the SMBH. Analyzing the dynamics
of recent flares in the case of the rapidly rotating black hole, we also constrain the inclination angle
between the magnetic field and spin axis to α < 50◦, as for larger angles, the motion of the hot spot
is strongly chaotic.
Keywords: Galaxy: center — accretion, accretion disks — black hole physics, magnetic fields, Milky
Way magnetic fields
1. INTRODUCTION
The compact radio source Sgr A* at the Galactic cen-
ter (Balick & Brown 1974) associated with the super-
massive black hole (SMBH) and the dynamical center of
our Galaxy is a highly variable source across all wave-
lengths (Eckart et al. 2005; Melia 2007; Genzel et al.
2010; Eckart et al. 2017; Karas et al. 2019b). Given
its mass of ∼ 4× 106 Solar masses inferred from stellar
dynamics (see, e.g. Do et al. 2013; Boehle et al. 2016;
Gillessen et al. 2017; Parsa et al. 2017), as well as from
bright X-ray flares (Karssen et al. 2017; Karas et al.
2019a), it has been considered as one of the best candi-
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dates for an SMBH. From the early theoretical predic-
tions (Lynden-Bell & Rees 1971), there have been sev-
eral key experiments that very precisely measured the
gravitational redshift of the fast-moving S2 star during
its pericenter passage in 2018 May (Gravity Collabora-
tion et al. 2018a), as well as its Schwarzschild precession
of δφ ∼ 12′ per orbital period (Gravity Collaboration
et al. 2020a), which is fully consistent with the general
relativistic predictions. In addition, the very long base-
line interferometry (VLBI) observations of Sgr A* at 1.3
mm (Doeleman et al. 2008) indicate a source structure
at event-horizon scales, which is promising for the detec-
tion of the shadow (Bardeen 1973; Falcke et al. 2000) in
a similar way as was performed for M87 (Event Horizon
Telescope Collaboration et al. 2019). Hence, Sgr A* can
be considered as an SMBH, with little space for alterna-
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tive scenarios such as a boson star, gravastar, or fermion
ball (Eckart et al. 2017; Zajacˇek et al. 2019).
The source structure of Sgr A* and its temporal
changes were resolved out on event-horizon scales by
the VLBI technique at 1.3 mm (Doeleman et al. 2008;
Fish et al. 2011; Johnson et al. 2015; Lu et al. 2018),
which showed that the bulk of emission of Sgr A* may
not be centered at the black hole itself. The VLBI
study by Johnson et al. (2015) inferred from the lin-
early polarized emission at 1.3 mm that a partially or-
dered magnetic field is present on the scale of 6 to
8 Schwarzschild radii. They also detected an intra-
hour variability time-scale associated with this field.
These findings are consistent with the recent GRAV-
ITY@ESO1 discovery of continuous positional and po-
larization offsets of emission centroids during high states
of Sgr A* activity, so-called “flares”, in the near-infrared
(NIR) Ks-band (2.2µm) continuum emission (Gravity
Collaboration et al. 2018b). The linear polarization an-
gle turns around continuously with a period comparable
to the orbital motion of the emission centroid (hereafter
called the hot spot), Phs = 45(±15) min, which implies
an ordered poloidal magnetic field, i.e. perpendicular to
the orbital plane, while for the toroidal geometry, one
expects two polarization loops per orbital period (Brom-
ley et al. 2001; Dexter 2016). The presence of a dy-
namically significant magnetic field in the accretion zone
close to the innermost stable circular orbit (ISCO) is also
consistent with the magnetic field strength of B ≥ 8 mG
at the larger projected distance of R ∼ 0.12 pc, as in-
ferred from the Faraday rotation measurements of the
magnetar J1745-2900 (Eatough et al. 2013). As Sgr A*
accretes from the magnetized plasma at larger scales,
the magnetic field and the plasma density are expected
to further increase inward.
1.1. Broadband spectral characteristics of Sgr A*
The present activity of Sgr A* is very low, and in com-
parison with active galactic nuclei (AGN), it can be gen-
erally characterized as extremely low-luminous (Genzel
et al. 2010; Eckart et al. 2017), which stems from the
comparison of its theoretical Eddington limit,
LEdd = 5× 1044
(
M
4× 106M
)
erg s−1 , (1)
and its 8 orders-of-magnitude smaller bolometric lumi-
nosity of ∼ 1036 erg s−1 inferred from observations and
1 An NIR, beam-combining interferometry instrument operat-
ing in the Ks-band continuum that is capable of high-resolution
imaging (resolution of 3 mas) and astrometry (resolution ∼ 20 −
70µas).
explained by radiatively inefficient accretion flow mod-
els (RIAFs; Narayan et al. 1998; Blandford & Begel-
man 1999). The mass of Sgr A* in Eq. (1) is scaled to
the value of ∼ 4 × 106M derived from the most re-
cent S2 star observations by the Gravity Collaboration
et al. (2018a) (see also Boehle et al. 2016; Parsa et al.
2017; Gillessen et al. 2017, for comparison), which cor-
responds to the gravitational radius of Rg = GM/c
2 =
5.9 × 1011 cm ∼ 1012 cm that we apply in the further
analysis.
The object Sgr A* is surrounded by ∼ 200 massive
He I emission-line stars of spectral type OB, and it is
thought to capture their wind material with an esti-
mated rate of M˙B ≈ 10−5M yr−1 at a Bondi radius of
rB = 4
′′(Ta/107 K) ≈ 0.16 pc = 8.1 × 105Rg (Baganoff
et al. 2003; Shcherbakov & Baganoff 2010; Ressler et al.
2019), where the gravitational pull of the SMBH prevails
over that of the thermal gas pressure with temperature
Ta. From the submillimeter Faraday rotation measure-
ments within the inner r . 200Rg it was inferred that
Sgr A* accretes at least 2 orders of magnitude less than
the Bondi rate, M˙acc ≈ 2 × 10−7 − 2 × 10−9M yr−1
(Marrone et al. 2007); hence, most of the material cap-
tured at the Bondi radius is expelled and leaves the
system as an outflow, which is also consistent with the
RIAF solutions with a density profile in the power-law
form n(r) ∝ r−p, where p . 1 (Wang et al. 2013). The
density profile of the hot RIAF flow is flatter than the
density profile of the stationary spherical Bondi accre-
tion, for which n(r) ∝ r−3/2. This flattening is caused
by the presence of outflows (Yuan et al. 2012; Wang et al.
2013). The inflow-outflow RIAF models (disk-jet/wind
or advection-dominated accretion flow (ADAF) and jet
– jet-ADAF) can inhibit the accretion rate on smaller
spatial scales by the transport of energy released during
accretion to larger radii (Yuan et al. 2002; Shcherbakov
& Baganoff 2010; Mos´cibrodzka et al. 2014; Chan et al.
2015; Ressler et al. 2017), which reduces the accretion
rate to . 1% of the Bondi rate, and the jet-ADAF mod-
els can generally capture the main features of the Sgr A*
broadband spectrum. The extremely low luminosity of
Sgr A* is thus best explained by the combination of a
low accretion rate M˙acc and very low radiative efficiency
of the accretion flow ηacc ≈ 5× 10−6 (Yuan & Narayan
2014), which is 4 orders of magnitude below the stan-
dard 10% efficiency applicable to luminous AGN with
significantly higher accretion rates.
In the radio/millimeter domain, the flux density gen-
erally increases with frequency with a rising spectral in-
Effect of Electromagnetic Interaction on Galactic Center Flare Components 3
dex from α = 0.1 − 0.4 to 0.76 at 2-3 mm2 and with
a clear peak or bump close to 1 mm, which is referred
to as the submillimeter bump (e.g., Falcke et al. 1998;
Dexter et al. 2010; Bower et al. 2015). The submil-
limeter bump is produced by the optically thick syn-
chrotron emission that originates from relativistic, ther-
mal electrons (with a Lorentz factor of γe ∼ 10) in the
innermost portions of the hot, thick ADAF (Narayan
et al. 1995, 1998; Yuan et al. 2003). It marks the transi-
tion from the optically thick emission at lower frequen-
cies to the optically thin emission at higher frequencies
(Zylka et al. 1995; Serabyn et al. 1997; Falcke et al.
1998). Below 1 mm, the medium gets optically thin
and the flux density gradually drops all the way to
X-ray wavelengths, where the quiescent counterpart of
Sgr A* was detected with the unabsorbed 2-10 keV lu-
minosity of Lx ≈ 2 × 1033 erg s−1 produced by ther-
mal bremsstrahlung from cooler electrons at larger dis-
tances close to the Bondi radius (Baganoff et al. 2003;
Shcherbakov & Baganoff 2010), with no detected quies-
cent counterpart in the infrared (IR) domain (see, how-
ever, the upper limits on the far-IR flux density based on
the detected variability by von Fellenberg et al. 2018).
Thanks to high-sensitivity GRAVITY observations in
the Ks band (2.2µm) (The GRAVITY Collaboration
et al. 2020), it was possible to detect a turnover in the
flux density distribution of NIR flares with a median
value of (1.1 ± 0.3) mJy. The flux density distribution
in the NIR domain was found to have two states: the
bulk of the emission can be described by a log-normal
distribution with a median around 1.1 mJy, and on top
of this quiescent emission, there are the sporadic flares
at higher flux densities with a single power-law distri-
bution. A single power-law or log-normal distribution
cannot describe the flux density distribution as a whole.
While in the radio/millimeter domain, Sgr A* is
mildly variable, it exhibits order-of-magnitude nonther-
mal high states or flares in the IR and X-ray domain a
few times per day on a timescale of ∼ 1 hr (Baganoff
et al. 2001; Genzel et al. 2003; Ghez et al. 2004; Eckart
et al. 2006; Zamaninasab et al. 2010; Eckart et al. 2012;
Witzel et al. 2012; Karssen et al. 2017; Witzel et al.
2018; Gravity Collaboration et al. 2018b), with the X-
ray flares always being simultaneously associated with
IR flares but not vice versa. The IR flares are linearly
2 Using the notation Sν ∝ να, where Sν is the monochromatic
flux density in Janskys (1 Jy = 10−23 erg s−1 Hz−1 cm−2), ν is the
frequency in Hertz (Hz), and α is the spectral index. In the radio
domain, the spectral index α < 0 is referred to as steep (optically
thin synchrotron emission), α > 0 is referred to as inverted (self-
absorbed, optically thick synchrotron emission), and α ∼ 0 stands
for a flat spectral profile.
polarized with a polarization degree of 20%±15% and a
rather stable polarization angle of 13◦±15◦ (Shahzama-
nian et al. 2015), which likely reflects the overall stability
of the disk-jet system of Sgr A*.
1.2. Flare–Hot spot connection
The Ks-band observations by GRAVITY@ESO
(Gravity Collaboration et al. 2018b) brought the first
direct evidence that flares are associated with the or-
biting luminous mass or hot spots. The GRAVITY
observations of hot spots close to the ISCO of Sgr A*
have enabled the fitting of their orbital periods as well
as orbital radii with the equatorial circular orbits of
neutral test particles around rotating Kerr black hole of
mass ∼ 4 million M.
The origin and nature of flares/hot spots still remains
unclear. Despite many suggestions, including their con-
nection to the tidal disruption of asteroids (Zubovas
et al. 2012), they are most likely connected to dynam-
ical changes in the hot, magnetized accretion flow. As
transient phenomena, they could originate from magne-
tohydrodynamic instabilities or magnetic reconnection
events, as is the case of X-ray flares on the Sun (Yuan
et al. 2009) or has been discussed for M87 (Britzen et al.
2017). The model of ejected plasmoids during reconnec-
tion events is supported by their statistical properties;
namely, the count rate versus flux density distribution
can be fitted with the power law in the X-ray, IR, sub-
millimeter and radio domain, dN/dE ∝ E−αdE, which
is consistent with the self-organized criticality phenom-
ena of spatial dimension S = 3 (Witzel et al. 2012; Li
et al. 2015; Subroweit et al. 2017; Witzel et al. 2018).
There are other mechanisms that lead to the power-
law distribution of plasmoid properties. Namely, Uz-
densky et al. (2010) showed analytically that the tear-
ing (plasmoid) instability during magnetic reconnection
leads to the power-law distribution of the magnetic flux
ψ in plasmoids in high Lundquist number current sheets,
f(ψ) ∝ ψ−2, with an exponential decay in the tail
of the distribution (Fermo et al. 2010), while Huang
& Bhattacharjee (2012), using direct numerical simu-
lations, showed that the slope is smaller, f(ψ) ∝ ψ−1.
In addition, magnetohydrodynamic (MHD) turbulence
driven by the magnetorotational instability can lead to
a power-law distribution of dissipative events (see, e.g.
Zhdankin et al. 2015). Zhdankin et al. (2015) found the
probability distribution of the dissipated energy with an
index of α = 1.75± 0.10 and the distribution of energy
dissipation rates with a slope of α ∼ 2, which is two
times less than the NIR, submillimeter, and radio distri-
bution of flare flux densities, for which α = 4 (using the
notation p(x) ∝ x−α, see Witzel et al. 2012; Subroweit
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Figure 1. Illustration of the hot accretion flow dominantly supplied by stellar winds with the inner MAD (Narayan et al.
2003) part due to the accumulation of the dominant poloidal magnetic field. The transition from the hot, thick flow into clumpy
flow occurs at the magnetospheric radius Rm, which is expected to be located at ∼ 200Rg, see Eq. 3. The MAD consists
of magnetically confined blobs that diffuse inward through the poloidal magnetic field through the processes of magnetic
reconnection and magnetic interchanges. At the same time, the released energy heats up the surrounding gas, which forms a
hot and diluted corona and powers outflows. The figure inset to the right captures the innermost part of the accretion flow close
to the ISCO (located at 6Rg for a nonrotating black hole), where the hot spot orbits Sgr A* for a large fraction of its orbital
period and then presumably plunges toward the event horizon. Its emission is then detected at the Earth in the NIR domain as
a transient flare, whose flux density is modulated by the Doppler boosting and the gravitational lensing (see, e.g. Eckart et al.
2017). The stellar field in the background is added to show that stellar winds of massive OB stars supply a large portion of the
hot thick flow whose outer radius is approximately at the Bondi radius at ∼ 0.16pc. The dense stellar field originally belongs
to the globular cluster NGC 288 imaged by the Hubble Space Telescope’s Wide Field Channel of the Advanced Camera for
Surveys (credit: ESA/Hubble & NASA).
et al. 2017), but consistent with the energy distribution
of X-ray flares, for which a slope of α = 1.65 ± 0.17
was recovered (Li et al. 2015). This is strikingly similar
to the solar flare energy distribution with an index of
α ∼ 1.8 (Hudson 1991). Neilsen et al. (2013) found a
slope of 1.9+0.4−0.5 for the X-ray flare peak rate distribu-
tion and 1.5 ± 0.2 for the fluence distribution, which is
also consistent with the finding of Zhdankin et al. (2015)
that the energy (fluence) distribution is shallower than
the peak rate distribution. For the future, it will be
necessary to verify whether the analytical and numerical
studies of MHD turbulence and instabilities are also ap-
plicable to the plasma in the strong gravity regime in 3D
and whether the tearing and the magnetohydrodynamic
turbulence can lead to the power-law flux distribution of
the flares that are sampled over a longer period of time.
To link the plasmoid model with the variability of
Sgr A*, a plasma blob or plasmon that cools down via
the adiabatic expansion was applied to fit simultaneous
multiwavelength flares. Yusef-Zadeh et al. (2008) found
a time-lag of 110± 17 minutes between X-ray and sub-
millimeter 850µm flares and the time-lag of ∼ 20 − 30
minutes between 7 and 13 mm flare peaks. The time
delays are matched well by an initially optically thick
cloud of synchrotron-emitting electrons that becomes
optically thin towards consecutively lower frequencies
as it expands and cools down adiabatically. The ba-
sic explanation of the delay between X-ray and submil-
limeter flare peak emissions is that at first, the emis-
sion is optically thick in the submillimeter domain, and
later, it gets optically thin due to the blob expansion
(van der Laan 1966). Furthermore, the model can re-
produce well the asymmetric profile of the light curves
(faster rising, slower fading) and the linear polarization
degree of ∼ 1% at radio bands. The inferred parame-
ters include the comoving expansion velocity of the blob,
vexp ∼ 0.003 − 0.1c, the magnetic field in the range
10−70 G, and a particle spectral index of α = −1.5±0.5.
With this expansion velocity, plasma cannot escape from
Sgr A*, unless a large bulk motion is present. These
results have been confirmed independently by Kunner-
iath et al. (2010), Eckart et al. (2012), and Borkar et al.
(2016). The NIR flares are explained via the synchrotron
emission of localized, heated relativistic electrons, and
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the X-ray flares that are simultaneous with NIR flares
are explained via three processes: (i) synchrotron emis-
sion of the same population of electrons as for NIR flares
with a power-law distribution of energies, (ii) the Comp-
ton upscattering of submillimeter seed photons by NIR-
emitting electrons to X-ray energies (external inverse
Compton), and (iii) the NIR synchrotron photons up-
scattered to X-ray energies by the same population of
heated electrons that produce NIR flares, which is re-
ferred to as the synchrotron self-Compton (SSC) mech-
anism (see Genzel et al. 2010, for a review).
Another model to explain the hot spot phenomenon
and the associated short-term variability in the Galactic
center would be vortices and magnetic field flux tubes
that could be sites of dissipation and collimated radi-
ation (Abramowicz et al. 1992). Vortices as coherent
structures are typical for any rotating fluid; hence, this
scenario could also be applicable to the Galactic center
hot flow.
The simplest explanation of the hot spot nature is
given by the discrete origin of the NIR flares. The single-
state stochastic nature of Sgr A* variability (Meyer et al.
2014) suggests a clumpy mode of accretion. The hot
spot would then correspond to confined islands or blobs
of heated plasma that descend down the potential well
toward the event horizon. This view is consistent with
the class of magnetically arrested accretion flow models
(MADs; Bisnovatyi-Kogan & Ruzmaikin 1974; Narayan
et al. 2003; Igumenshchev 2008), in which the accretion
flow becomes unstable due to the accumulation of the
magnetic flux and fragments into magnetically confined
blobs below the magnetospheric radius,
Rm ∼ 8piGMρ
B2pol
= (2)
= 181
(
M
4× 106M
)( nacc
106 cm−3
)(Bpol
10 G
)−2
Rg ,
(3)
where the mass density is given by ρacc = µmHnacc
(µ ∼ 0.5 for a fully ionized plasma), the poloidal mag-
netic field Bpol is scaled to 10 G, and the number den-
sity is scaled to 106 cm−3, according to the values ob-
tained from the synchrotron emission models of the
flares (Yusef-Zadeh et al. 2006, 2008; Eckart et al. 2012).
For such an accretion flow model, see also Fig. 1 for an
illustration where an initially hot, diluted, and thick ax-
isymmetric flow fragments into clumps below Rm. The
clumpy structure of the flow is expected to dominate
on a length scale of 100 Rg with a certain filling factor.
The clumpy flow proceeds inwards diffusively through
the poloidal magnetic field with the help of magnetic
interchanges and reconnection events and the radial ve-
locity is less than the freefall velocity (Narayan et al.
2003). The volume filling factor of the hot spots can
be estimated fV = Vhs/Vacc = nacc/nhs, where Vhs is
the volume of the hot spots, Vacc is the total volume
of the accretion flow, nacc is the mean number density
of the accretion flow, and nhs is the hot spot number
density. The hot spot number density is thus expected
to be larger than the mean density of the accretion
flow, nhs = nacc/fV, depending clearly on fV. Typi-
cally, only one hot spot is present at the ISCO, accord-
ing to NIR images and time series (two to three events
per day, Gravity Collaboration et al. 2018b); therefore,
within the ISCO volume, fV ∼ (Rhs/rISCO)3, which
for Rhs ∼ 1Rg and a nonrotating black hole leads to
nhs ∼ 216nacc. In this setup, the hot spot would clearly
be an overdense blob with respect to the background
medium.
1.3. Hot spot inside Sgr A* magnetosphere
The relativistic motion of a plasma around a black
hole in the presence of the ordered magnetic field compo-
nent (orthogonal to the orbital plane) necessarily leads
to the charge separation and the consequent growth of
its net charge density. This charge increases due to the
compensation of the electric field in the comoving frame
induced by the motion of plasma in the external mag-
netic field. In the case where the rotating plasma is asso-
ciated with a neutron star threaded by a magnetic field,
the arising charge density is known as the Goldreich-
Julian (GJ) charge density (Goldreich & Julian 1969).
An analogous argument can be used to obtain a net
charge density of the plasma of the flare components
moving around the black hole, as will be described in
Section 3.1.
On the other hand, a similar charging process oc-
curs near the black hole due to frame-dragging effect
of the twisting of the magnetic field lines. In this sce-
nario, both the black hole and the magnetosphere pos-
sess a nonnegligible electric charge (Ruffini & Wilson
1975). Damour et al. (1978) derived three different re-
gions of charge particle trapping based on the interplay
of electric and magnetic fields in the black hole magneto-
sphere. A magnetic field near a rotating black hole also
plays a crucial role in the collimation of charged parti-
cles and thus also in the precollimation of astrophysical
jets (Karas & Dovciak 1997).
For a black hole in this scenario, the charging mecha-
nism was introduced by Wald (1974). Such an induced
charge of Sgr A* has an upper limit of QBH ∼ 1015C
(Zajacˇek et al. 2018), which is still quite weak to have
a gravitational effect on the spacetime metric; however,
its electrostatic counterpart is nonnegligible for the mo-
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tion of charged matter. Similarly, in a nonrelativistic
case, the net charge of a massive object arises due to its
rotation in the magnetic field (Ruffini & Treves 1973).
Computing Maxwell equations inside the magnetosphere
(see, e.g., Ruffini & Wilson 1975), one can find that the
total charge of the black hole magnetosphere is equal to
the charge of the black hole with the opposite sign, i.e.
Qmag = −QBH. This condition holds for a large class of
accretion models.
One of the interesting outcomes of the charge separa-
tion process in a plasma surrounding a black hole (and
the consequent growth of the net charge densities of both
the black hole and the magnetosphere) is that the black
hole may act as a pulsar (Levin et al. 2018). For the dy-
namics of the flare components, furthermore, this leads
to the inclusion of additional ”electrostatic” interaction
between the black hole and the hot spots if the black
hole charge is not screened effectively.
In the Galactic center, a partially ordered magnetic
field in the vicinity of Sgr A* has been estimated with
the strength of 10 − 100 G. The NIR observations of
horizontal polarization loops with the timescales com-
parable to the orbital periods of the recently observed
bright flares imply the prevalent orientation of magnetic
field lines in a direction that is perpendicular to the or-
bital plane of the corresponding hot spots. This implies
that the hot spots associated with flares orbiting at the
relativistic orbits are expected to possess a net electric
charge due to the charge separation in the Galactic cen-
ter plasma.
In this paper, we focus on the possible interplay be-
tween gravitational and electromagnetic fields in the in-
terpretation of the observational features of the flares.
Orthogonal orbital orientation with respect to the mag-
netic field lines of the three most recent hot spots and
the charge separation in plasma leads to the appearance
of an external Lorentz force arising from interactions of
the flare components with the magnetic field. Taking
into account the error bars of the GRAVITY measure-
ment arising mainly due to astrometric errors and in-
complete orbital coverage, we put limits on the strength
of the Lorentz force, electric charges of hot spots, and
net charge densities.
Below, we consider hot spot models with various
charging mechanisms compared with observational data.
It is worth noting that all obtained constraints on the
charge values of hot spots have a comparable order of
magnitude.
The paper is structured as follows. In Section 2
we introduce the basic equations describing the model
and provide estimates on the magnetic field, black hole
charge, size, and mass of the flare components. In Sec-
tion 3 we study the charge separation in the plasma
surrounding the black hole and estimate its net charge
density. Applied to three recent flare components, we
put tighter constraints on the hot spots charge based on
their dynamics with inclusion of the electromagnetic in-
teraction and the synchrotron radiation from hot spots.
We also calculate the shifts of the ISCO caused by the
interplay between the hot spot charge and external mag-
netic field and discuss the results. In Section 4 we study
the possible inclination of the orbital plane and magnetic
field lines with respect to the orientation of the black
hole’s spin and put constraints on the inclination angle.
We discuss the main results and their consequences in
Section 5 and give conclusions in Section 6.
Throughout the paper, we use the space-like signature
(−,+,+,+) and the system of units in which c = 1 and
G = 1. However, for the expressions with an astrophys-
ical application and estimates, we use the units with the
gravitational constant and the speed of light. Greek in-
dices are taken to run from 0 to 3; Latin indices are
related to the space components of the corresponding
equations.
2. MODEL SETUP AND HOT SPOT
PARAMETERS
2.1. Model Assumptions
Our modeling approach is primarily motivated by NIR
observations in the Ks band (2.2µm; Gravity Collabora-
tion et al. 2018b), where three hot spots were detected at
different epochs. These structures stay stable in terms of
the luminosity for one orbital period or a large fraction
of it. The small flux density changes can be attributed
solely to the Doppler boosting along an orbit, which
has a large inclination of ∼ 160◦ but is not face-on (see
also Fig. 1 for the inclination scheme). Flares that were
found to be closer to edge-on orbits often exhibit a peak-
shoulder structure in their light curves, which can be
attributed to the combination of the gravitational lens-
ing and the Doppler boosting along their orbits (Eckart
et al. 2017; Karssen et al. 2017). There is also no evi-
dence of significant shearing along this orbit during one
orbital period.
Keeping this in mind, we assume the following prop-
erties for the hot spot.
(a) The hot spot is a bound test, potentially charged
mass moving on a circular orbit in the Kerr space-
time background, as well as in the global poloidal
magnetic field.
(b) Given the lack of any shearing along the orbit, we
also assume that the hot spot is a spherical mass,
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or at least that its shape does not change during
one orbital timescale.
(c) We also assume that during the orbital timescale,
the surrounding environment does not affect the
hot spot dynamics, or, in other words, these ef-
fects are negligible in comparison with the general
relativistic effects and the electromagnetic interac-
tion.
Assumption (a) will be justified in more detail in Sec-
tions 2.2, 2.3, 2.4, and 2.5. Circular trajectories should
be preferred, since the collisions of magnetically con-
fined cloudlets in the MAD models on crossing orbits
are highly dissipative in the central 100 Rg (see also
Bao et al. 1994; Eckart et al. 2018, for the comparison
of circular and elliptical hot spot trajectories).
Concerning assumption (b), there is no observational
information about the shape of the hot spot. However,
given the stable intrinsic luminosity and no evidence
for shearing, a stable spherical shape is a reasonable
assumption. The shape of the hot spot may also be
kept stable against magnetohydrodynamic instabilities
by the tangled internal magnetic field (McCourt et al.
2015; Guillochon & McCourt 2017), which is also the
property of MADs.
As a new feature in comparison with previous stud-
ies of the hot spot dynamics and radiative properties
(Broderick & Loeb 2005, 2006a,b; Meyer et al. 2006;
Zamaninasab et al. 2008, 2010), we add the potential
electromagnetic interaction. Any other effects from the
surrounding medium or objects (stars) may have a cer-
tain effect, but it is observationally difficult to estimate
them at the moment as the hot spots are not observed
beyond one orbital period. We leave the other potential
magnetohydrodynamic effects for future studies when
more data are available.
In addition, the accretion flow close to Sgr A* is di-
luted and potentially clumpy, as predicted by MADs
(Narayan et al. 2003; Igumenshchev 2008), which we
illustrate in Fig. 1 and discuss in more detail in Sec-
tion 1.2 and 5. Therefore, it is likely that the hot spot is
a dominating mass on a circular orbit close to the ISCO.
This is also supported by the observations of discrete X-
ray and NIR flares that point toward clumpy accretion.
Given the general instability of the accretion flow be-
low the magnetospheric radius (see Equation (3)), the
flow continues inward in the form of magnetically con-
fined blobs that diffuse through the poloidal magnetic
field via reconnection events. In this way, a hot spot is
a dominating mass at a given time and location close
to the ISCO; hence, any effect from the surrounding
medium is assumed to be negligible during one orbital
timescale. The surrounding medium has the nature of
a hot, diluted corona that is heated up by the released
energy of the MAD flow (Narayan et al. 2003). In fact,
the number density of the blob is expected to be larger
than the mean accretion flow density by the inverse of
the volume filling factor – (rISCO/Rhs)
3 < 216 – which
we derive in Section 1.2.
In addition, even if the surrounding medium with a
comparable number density were present around the hot
spot, it would be comoving with the hot spot close to
the ISCO. The magnetohydrodynamic drag force can be
expressed as (Dursi & Pfrommer 2008; McCourt et al.
2015)
Fdrag ∼ ρav2relR2hs
(
1 +
v2A
v2rel
)
, (4)
where ρa is the ambient density, vrel is the relative veloc-
ity between the hot spot and the ambient medium, Rhs
is the hot spot radius, and vA is the Alfven velocity. The
drag force is therefore negligible for the case where the
ambient medium is comoving with the hot spot, since
vrel ≈ 0. This justifies the assumption (c).
It is likely that shearing and the associated depar-
ture from the quasi-spherical shape govern the hot spot
evolution after one orbital period when the hot spot flux
density falls beyond the detection limit. However, at the
same time, the hot spot likely plunges from the ISCO
toward and beyond the event horizon of Sgr A* on a
timescale of trf = 12GM/c
3 ≈ 4 minutes for the radial
fall towards Sgr A* (in general, this depends on the ini-
tial angular momentum). The shearing and infall would
manifest themselves by the gradually decreasing flux
densities of the flare (see the simulated light curves of an
infalling, shearing hot spot calculated by Dovcˇiak et al.
2004; Zajacek 2017, using KYSPOT code), which has
not been detected so far (see the observed light curves
in Figs. 1 and 2 in Gravity Collaboration et al. 2018b).
This so-far-unobserved regime is therefore beyond the
scope of the current paper but may be of interest in our
future studies.
In other words, the dynamical effects studied in this
work focus on the transient hot spot feature during its
orbital timescale. Since this timescale, which can be
calculated for the nonrotating black hole at the ISCO
as
Phs = 30.3
(
M
4× 106M
)(
r
6Rg
)3/2
minutes, (5)
is much shorter than the viscous timescale of the hot
and thick accretion flow around Sgr A* at larger scales
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of 100Rg,
tvisc ∼ 2.3
(
M
4× 106M
)(
h
r
)−2(
r
100Rg
)3/2 (αvisc
0.1
)−1
days ,
(6)
where we assumed a thick flow with a height-to-radius
ratio of h/r ∼ 1 and a viscosity parameter of αvisc ∼
0.1. Therefore, we can neglect the long-term behavior
of the whole flow as such. These long-term effects will
be studied in more detail in our upcoming studies.
2.2. Magnetic Field Estimates
Current estimates of the magnetic field around Sgr A*
– at the scales of the ISCO – are consistent with its
strength of the order of 10− 100G (Eckart et al. 2012).
The time-variable flux density during high states – flares
– is modelled using synchrotron components in the NIR
domain (Witzel et al. 2012, 2018). To explain the emis-
sion mechanism of simultaneous X-ray and NIR flares
(X-ray flares always have NIR counterparts, but not vice
versa; Mossoux et al. 2016), synchrotron – sychtrotron-
self-Compton (SYN-SSC) model is often employed that
requires relativistic electrons with a Lorentz factor of
γe ∼ 103 (Eckart et al. 2012), which is 3 orders of magni-
tude less than the pure synchrotron-synchrotron model.
The time-lag of t = 1.5 ± 0.5 h between X-ray/NIR
and millimeter/submillimeter flares (Eckart et al. 2008)
is successfully explained by comoving adiabatic expan-
sion of plasma blobs with uniform expansion speeds of
vexp ∼ 0.005 − 0.017 c (Kunneriath et al. 2010; Yusef-
Zadeh et al. 2008, see also the model description in
Subsection 1.2). The SSC model can also be used to es-
timate the magnetic field strength using B ∼ θ4ssν5mS−2m ,
where θss is the angular source size and Sm is the flux
density at the turnover frequency νm. Typical values
of the magnetic field during high states as derived from
the SSC modeling are of the order of B ∼ 10 − 100 G
(Eckart et al. 2012; Kunneriath et al. 2010), in general
being variable by a factor of a few.
Another constraint can be derived from the Faraday
rotation measurements and the accretion flow density
and temperature profiles close to Sgr A* that are in-
ferred from fitting the RIAF model to the X-ray ob-
servations of the hot flow. Based on the Faraday ro-
tation measurements of the magnetar PSR J1745-2900,
Eatough et al. (2013) put a lower limit of B & 8 mG
on the line-of-sight component of the magnetic field for
the magnetar deprojected distance of r & 0.12 pc from
Sgr A*. They also confirmed that the ordered mag-
netic field is present at length-scales of ∼ 0.1 pc, which
is intermediate between the large-scale ordered magnetic
field in the central molecular zone (Morris 2015) and the
ordered field close to the ISCO of Sgr A* (Johnson et al.
2015; Gravity Collaboration et al. 2018b). The plasma
magnetization parameter can be expressed as the ratio of
its magnetic field energy density to its thermal pressure
(thermal pressure of electrons), βp = B
2/8pinpkBTp,
where np and Tp are the plasma density and temper-
ature, respectively. The value of βp at the distance of
the magnetar (r ∼ 0.1 pc) can be estimated based on the
density and the temperature as inferred for the Bondi
radius, np ≈ 26 cm−3 and Tp ≈ 1.5 × 107 K (Baganoff
et al. 2003). The value of the magnetic field is inferred
from the Faraday rotation, B ∼ 8 mG (Eatough et al.
2013). Then the magnetization parameter is βp ∼ 47.3.
To estimate βp at ISCO, we adopt the values of the
density, the temperature, and the magnetic field from
the plasmon model applied to the radio variability by
Yusef-Zadeh et al. (2006), who got np ∼ 6 × 105 cm−3,
Tp ∼ 109 K, and B ∼ 10 G. Then the magnetization
parameter at the ISCO can be estimated as βp ∼ 48.1.
Between the Bondi radius and the ISCO, the magnetiza-
tion parameter may thus be considered constant within
the uncertainties. Its value of βp ∼ 50 also implies that
the plasma in this region is magnetically dominated.
The X-ray spectroscopy measurements by the Chan-
dra telescope (Wang et al. 2013) revealed an elongated
extended emission structure with a radius of 1.5′′ cen-
tered at Sgr A*. Based on the very weak Fe Kα line, a
no-outflow scenario can be rejected. The radial density
profile np ∝ r−3/2+s with s & 0.6 best fits the contin-
uum and the emission lines in the 2 − 10 keV band.
Using the upper limit on the mass accretion rate by
Sgr A*, M˙SgrA∗ ∼ 2 × 10−7Myr−1 (Marrone et al.
2007), and the assumption of the inner radius of RIAF
at ri ∼ 200Rg, Wang et al. (2013) got a radial tempera-
ture profile Tp ∝ r−θT with θT & 0.6. Using the thermal
and magnetic pressure coupling via the magnetization
parameter, Pmag = βpPth, and under the assumption
of the constant βp, we obtain the power-law scaling of
the magnetic field strength, B ∝ r−3/4+1/2(s−θT ), which
for s ≈ θT (as inferred from X-ray spectra by Wang
et al. 2013) simply becomes B ∝ r−3/4. We can nor-
malize the magnetic field profile using the line-of-sight
magnetic field, as well as the magnetar distance from
(Eatough et al. 2013)
B(r) & 8× 10−3
(
r
5.2× 105Rg
)−3/4
G , (7)
where the distance was scaled to r ' 0.1 pc ∼
5.2 × 105Rg. The radiating plasma components are
approximately at a distance of r = 10Rg, which implies
a magnetic field of B(10Rg) & 28 G. This is consistent
with the magnetic field as inferred from flare observa-
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tions (Eckart et al. 2012). The Bondi flow (no outflow)
with s = 0 and θT ∼ 1 would lead to a radial depen-
dency B ∝ r−5/4 and B(10Rg) & 6300 G, which is 2
orders of magnitude larger than the flare value. This
gives further support to the general RIAF model with
an outflow, where . 1% of the material captured at the
Bondi radius is accreted by Sgr A*. The presence of an
outflow then leads to the flattening of the density profile.
2.3. Limits on the black hole charge
In Zajacˇek et al. (2018), we used the current observa-
tions of the hot phase of Sgr A* surroundings within the
innermost arcsecond to place constraints on the electric
charge of Sgr A*. The existence of a hot quasi-neutral,
stationary plasma around Sgr A* leads to the existence
of the equilibrium charge Qeq, which stops the separa-
tion of lighter electrons from heavier protons in collision-
less plasma. The equilibrium charge may be expressed
as
QηTeq =
4pi0G
e
(
ηTmp −me
1 + ηT
)
M , (8)
where ηT ≡ Te/Tp ' 1 − 1/5, i.e. the hot flow close
to the black hole is characterized by different proton
and electron temperatures, with the proton tempera-
ture up to five times larger than the electron tempera-
ture (Mos´cibrodzka et al. 2009; Dexter et al. 2010). For
ηT = 1, we obtain Q
1
eq = 3.1× 108 C and for ηT = 1/5,
the charge is lower by about a factor of three, Q
1/5
eq =
1.02×108 C. In some models, much smaller values of ηT
are adopted. For example, Mos´cibrodzka et al. (2016)
considered the values formally down to ηminT = 1/100 for
a highly magnetized accretion flow, which would lead to
an equilibrium charge of Q
1/100
eq = 5.85 × 106C. On the
other hand, at least in the accretion flow part, there are
strong arguments for a considerable part of the heating
going directly to electrons (see, e.g., Bisnovatyi-Kogan
& Lovelace 1997; Marcel et al. 2018), which prevents
such a small value of Te/Tp.
In a more general case, the black hole rotation in an
ordered, homogeneous magnetic field Bext leads to the
twisting of the magnetic field lines and the generation of
an electric field associated with an induced Wald charge,
QW = 2aMBext (Wald 1974), with respect to the in-
finity, where a is a dimensionless spin parameter. The
dimensionless spin parameter a is defined using the rela-
tion aspin = aGM/c
2, with a = 1 standing for the max-
imum prograde rotation, a = −1 representing a max-
imally counterrotating black hole, and a = 0 being a
nonrotating black hole. Considering the constraint on
the spin, a ≤ M , the upper limit on the induced Wald
charge for the Galactic center black holes is
QW ≤ 2.3× 1015
(
M
4× 106M
)2(
Bext
10 G
)
C . (9)
The expected black hole charge based on the realistic
magnetohydrodynamic environment is in the range Q =
(108, 1015) C, which is at least 12 orders of magnitude
below the extremal value,
Qmax = 6.9× 1026
(
M
4× 106M
)√
1− a2 C . (10)
One should stress that the Galactic center black hole is
not in a vacuum which is assumed by the Wald solution.
A force-free approximation may be more appropriate.
However, Levin et al. (2018) showed that a black hole
embedded in the force-free magnetosphere is expected to
carry charge; hence, a black hole carrying a small charge
seems more likely than a completely neutral black hole.
A charged black hole that rotates will itself generate
a dipole magnetic field with a magnetic dipole moment
md ∼ QWM . The dipole magnetic field strength is then
given by Bd ∼ md/r3 = 2BextaM2/r3, with the upper
limit given by the maximally rotating black hole, a < M
and rISCO = M , which gives B
max
d (r = rISCO) < 2Bext.
2.4. Size and mass of the flare components
The parameters of the flare components, such as size
and mass, can be estimated using the results of cur-
rent and previous flare studies from Sgr A* observed in
millimeter, NIR, and to X-ray parts of spectra (Eckart
et al. 2012). Observed flares have strengths of 5.2mJy in
NIR K-band that is 40% of S2 star having correspond-
ing strengths of 13mJy. A simple estimate of the length
scale of the hot spot may be derived from the adiabatic
expansion of the emitting sources observed at speeds of
∼ 0.01c (Jones et al. 1974). Light-travel arguments give
constraints on size of the flare components as
Rhs ≈ RgGM
c2
≈ 6× 1011
(
M
4× 106M
)
cm. (11)
Number densities of flare components can be estimated
to be of the order of
ρN ≈ 107±1cm−3, (12)
derived from both the synchrotron model and radio
Faraday rotation of the polarization planes (Eckart et al.
2012; Yuan et al. 2003). For pure electron and electron-
proton cases with spherical hot spot, we get the following
limits on the masses of the flare components:
mminhs ≈ 8.7× 1014g; mmaxhs ≈ 1.6× 1020g . (13)
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For the comparison, the solar mass is M ≈ 2 × 1033g,
and the typical masses of large asteroids are of the order
of 1023g.
Another estimate comes from the SSC modelling of
the simultaneous NIR and X-ray flares. The source
properties of these flares may be constrained using the
power-law energy distribution with an exponential cut-
off, N(γ) = N0γ
−p exp (−γ/γc) (with p ∼ 2). In this
model, NIR flares are produced via the synchrotron
mechanism with electrons gyrating in the magnetic field,
and the same electrons upscatter the emitted photons to
higher energies, producing the X-ray emission. With the
knowledge of the magnetic field strength and assuming
that the hot spot is uniform and spherical, one obtains
the radius and number density of the same order of mag-
nitude (Melia 2007),
Rhs ≈ 5.12
(
Lsyn
1036 erg s−1
)(
LSSC
1035 erg s−1
)−1/2
×
×
(
Bext
10 G
)−1
Rg , (14)
ρN ≈ 1.15× 106
(
Lsyn
1036 erg s−1
)−2(
LSSC
1035 erg s−1
)3/2
×
×
(
Bext
10 G
)( γc
100
)−2
cm−3 , (15)
which, by the order of magnitude, is close to the es-
timates given by Equations (11) and (12). Here we
define by Lsyn and LSSC the luminosities of the hot
spot in the synchrotron and synchrotron-self-Compton
regimes, respectively. This leads to the hot spot mass
of mminhs ∼ 1.2× 1017 g and mmaxhs ∼ 2.3× 1020 g for the
pure electron and proton limits, respectively.
2.5. Magnetic Field Influence on the Motion of the
Hot Spot
In order to test the influence of electromagnetic inter-
action on the dynamics of the hot spot around Sgr A*,
one can consider a simplified scenario of the motion of
a charged test particle around a rotating black hole in
the presence of a magnetic field. It is natural (and sup-
ported by the observed orthogonality of the magnetic
field lines and the hot spot orbital plane) to assume that
the magnetic field shares the symmetries of the space-
time in the vicinity of a black hole. Therefore, using the
stationarity and axial symmetry of the Kerr black hole
spacetime, one can express the four-vector potential in
terms of the time-like and space-like Killing vectors ξµ
in the form
Aµ = C1ξ
µ
(t) + C2ξ
µ
(φ), (16)
where C1 and C2 are constants. The solution (16), cor-
responding to the test field approximation was suggested
by Wald (1974), and in case of asymptotically uniform
magnetic field with the strength B the nonvanishing
components of Aµ correspond to
At =
B
2
(gtφ + 2agtt) , Aφ =
B
2
(gφφ + 2agtφ) . (17)
This is also the historically first analytical solution of
Maxwell equations in the Kerr spacetime background.
If the field has an inclination angle with respect to the
spin axis of a black hole, the solution for Aµ is given
by Bicak & Janis (1985). A configuration of a magnetic
field corresponding to the dipole type has been derived
by Petterson (1974). In all axially symmetric electro-
magnetic field configurations, the energy and angular
momentum of test particle with charge q and mass m is
modified according to (Tursunov et al. 2016)
−E ≡ −E
m
= gtt
dt
dτ
+ gtφ
dφ
dτ
+
q
m
At, (18)
L ≡ L
m
= gφφ
dφ
dτ
+ gtφ
dt
dτ
+
q
m
Aφ. (19)
The most general form of the equations of motion
for charged particles in curved spacetime is given by
the DeWitt–Brehme equation (DeWitt & Brehme 1960;
Hobbs 1968), which can be written in the form
Duµ
dτ
=
q
m
Fµνu
ν +
2q2
3m
(
D2uµ
dτ
+ uµuν
D2uν
dτ
)
+
q2
3m
(
Rµλu
λ +Rνλuνu
λuµ
)
+
q2
m
fµνtail uν , (20)
where Rµν is the Ricci tensor, Fµν = Aν,µ − Aµ,ν is
the Faraday tensor, D denotes a covariant derivative,
and four-velocity uµ = dxµ/dτ satisfies the condition
uµuµ = −1. The last term in Eq. (20), known as the
tail integral, reads
fµνtail =
∫ τ
−∞
D[µG
ν]
+λ′
(
τ, τ ′
)
uλ
′
(τ ′) dτ ′, (21)
where Gµ+λ is a retarded Green’s function. A detailed
analysis of this equation, together with numerical in-
tegration in astrophysically relevant situation, can be
found in Tursunov et al. (2018a,b). In the realistic con-
ditions, the leading forces acting on a charged test par-
ticle are the Lorentz force and the radiation reaction
force, given by the first and second terms on the right-
hand side of Eq.(20). The terms containing Ricci tensors
are irrelevant if the Kerr spacetime metric is assumed,
while the tail term is negligible in comparison to the rest
of the terms. Using the approach by Landau & Lifshitz
(1975), we get the covariant dynamical equations of the
Effect of Electromagnetic Interaction on Galactic Center Flare Components 11
motion of charged test particle in curved spacetime in
the presence of an electromagnetic field,
Duα
dτ
=
q
m
Fαβu
β +
2q3
3m2
fαR, (22)
where
fαR =
DFαβ
dxµ
uβuµ +
q
m
(
FαβF
β
µ + FµνF
ν
σu
σuα
)
uµ.
(23)
Equation (22) with equation (23) is the covariant form
of the Landau-Lifshitz equation describing the dynamics
of radiating charged particle. We will use this equation
for constraints on the motion of hot spots.
3. LIMITS TO THE CHARGE OF FLARE
COMPONENTS
3.1. Charge separation in a plasma surrounding Sgr A*
It is usually assumed that a plasma surrounding
astrophysical black holes is electrically neutral due to
neutralization of charged plasma on relatively short
timescales. Any oscillation of the net charge density
in a plasma is supposed to disappear very quickly due
to induction of a large electric field caused by charge im-
balance. However, in the presence of an external mag-
netic field and when the plasma is moving at relativistic
speeds, one can observe the charge separation effect in
a magnetized plasma and consequently measure the net
charge density. Applied to rotating neutron stars with
magnetic fields, this special relativistic effect of plasma
charging is known as the Goldreich-Julian (GJ) charge
density (Goldreich & Julian 1969). In fact, the motion of
a plasma induces an electric field that, in the comoving
frame of a plasma, should be neutralized, which leads
to the appearance of the net charge in the rest frame.
The GJ charge density is usually referred to for pulsar
magnetospheres, although it is applicable in more gen-
eral cases as well, as we will show below. For a black
hole magnetosphere, the charging of the plasma was first
described by Ruffini & Wilson (1975), who showed that
the twisting of magnetic field lines due to rotation of
the black hole induces an electric charge in both the
black hole and surrounding magnetosphere with equal
and opposite signs of the charge value.
3.1.1. Special Relativistic Case
Neglecting for now the general relativistic effects,
Maxwell’s equations read
∇ ·E = 4piρ, ∇ ·B = 0, (24)
∇×E = −∂B
∂t
, ∇×B = 4pij + ∂E
∂t
. (25)
where ρ and j are the charge and current densities. For
a frame moving with a system with the velocity v with
respect to the rest frame, the Lorentz transformations
lead to
E′=γ(E + v ×B)− γ
2
γ + 1
v(v ·E), (26)
B′=γ(B + v ×E)− γ
2
γ + 1
v(v ·B), (27)
where ”primes” denote the quantities measured with re-
spect to the inertial frame moving at the given moment
together with the system and γ = (1− v2)−1/2. In a co-
moving frame of the system, the current density is con-
nected with the electric field by Ohm’s law, j′ = σE′,
where σ is the conductivity of the medium. For an ob-
server at rest, one gets the Ohm’s law in the form
j = γσ (E + v ×B− v · (v E)) + ρv. (28)
Let us now assume that the matter containing plasma
is a perfect electrical conductor. This implies that the
following relation holds:
E = −v ×B, (29)
From this, it follows that an external observer measures
the induced electric field that arises in order to com-
pensate the electric field in the comoving frame of the
system.
One can express the velocity in terms of an orbital
angular velocity of the hot spot moving around the black
hole in the equatorial plane, v = Ω ×R. Substituting
Eq. (29) into the first equation of Eq. (24) in terms of
angular velocity and dividing to elementary charge e, we
get the net charge number density in a plasma (number
density of extra electrons or protons) in the form
ρq =
1
2pic
ΩB⊥
|e| , (30)
where Ω is the orbital angular velocity of the hot spot
and B⊥ is the strength of the magnetic field orthogonal
to the orbital plane. The orbital period of the hot spots
at the distance of the innermost stable circular orbit
(ISCO ∼ 6GM/c2) of Sgr A* is T ∼ 45minutes, which
corresponds to the angular velocity Ω = 2pi/T ∼ 2.33×
10−3s−1. The equipartition strength of the magnetic
field at the ISCO scale can be assumed to be of the
order of 10G (Eckart et al. 2017). Thus, the number
density of extra charged charged particles is
ρq ≈ 2.57× 10−4
(
B
10G
)(
T
45min
)−1
cm−3, (31)
which is at least 1010 times less than the total num-
ber density in a plasma, given by Eq.(12). Assuming a
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spherical volume of the radius R ∼ Rg, corresponding
to the size estimate (11) we get a net charge excess of
the order of
|q| ≈ 4× 1013
(
B
10G
)(
R
Rs
)3
C (32)
One can see that the charge separation in a relativistic
magnetized plasma can lead to the presence of a suffi-
cient net charge in the hot spots that can considerably
affect their motion. The dynamics of a charged hot spot
is discussed in Section 3.2.
Let us now find the limits to the ratio of the Lorentz
and gravitational forces acting on the hot spot at the
ISCO scales, assuming that the hot spot has a charge
given by Eq.(32) and the magnetic field is orthogonal
to the orbital plane with a strength of 10G. For a hot
spot with a mass in the range given by Eq.(13), moving
with a velocity v ∼ 0.3c around Sgr A* (as observed in
recent GRAVITY flares) at a distance of ∼ 6Rg, we get
the following limits:
10−5 <
FLor.
Fgrav.
< 10. (33)
We will give tighter constraints on this ratio in Sec-
tion 3.2 by analyzing the period–radius relations of the
hot spot orbits (parameterizing the above ratio by the
dimensionless parameter B) and comparing them with
those of the three most recent flares.
3.1.2. General Relativistic Case
It is important to note that the general relativistic
version of Eq.(30) leads to a similar order estimate as
Eqs.(31) and (32) unless a hot spot is moving in the
very close vicinity of the event horizon. However, for
completeness, we derive the net charge density of the
flare component due to charge separation in a magne-
tized plasma in curved spacetime following the works of
Bardeen et al. (1972); Ruffini & Wilson (1975); Thorne
& MacDonald (1982); Muslimov & Tsygan (1992); Iz-
zard et al. (2004). For our purposes, the most conve-
nient way to describe the electrodynamics of relativis-
tic plasma around a black hole is to use the approach
of 3 + 1 splitting of spacetime introduced by Thorne
& MacDonald (1982) and further developed in Izzard
et al. (2004). In curved spacetime, the Maxwell equa-
tions read in a similar way as in flat-space case (Eqs.
(24) and (25)), except that the operator ∇ is taken in
3D curved coordinates, implying a covariant derivative
of absolute space. In tensor form, the covariant Maxwell
equations read
∇ν ∗Fµν = 0, ∇νFµν = Jµ, (34)
where Fαβ and ∗Fαβ are the Maxwell and Faraday ten-
sors, respectively, and Jµ is the four-current. Splitting
these equations into time and space components, we get
∇ ·B = 0, ∇×E = −∂B
∂t
, (35)
∇ ·D = 4piρ, ∇×H = 4pij + ∂D
∂t
. (36)
It should be noted that D and H coincide with E
and B measured by a zero angular momentum ob-
server (ZAMO), whose four-velocity in axially symmet-
ric spacetime is defined by
nµ = (nt, 0, 0, nφ), (37)
where
(nt)2 =
gφφ
g2tφ − gttgφφ
, nφ = − gtφ
gφφ
nt. (38)
Applying the covariant derivative ∇ to Eq.(36) we get
the charge conservation law
∂tρ+∇ · J = 0. (39)
Assuming that the magnetosphere of a black hole shares
the background symmetry of the black hole, i.e. apply-
ing stationarity and axial symmetry, we get the effective
charge density in the form
ρ = − 1
4pi
∇ ·
[
1
α
(
1− k
η3r
)
v ×B
]
, (40)
v = Ω× r, k = Rgβ
a
, ηr =
a
r
, α =
√
gtt, (41)
where a is the black hole’s spin parameter, β is the mo-
ment of inertia of the plasma rotating around the black
hole, and α is the lapse function.
It was argued by Komissarov (2004) that an elec-
tric field measured by ZAMO drives the electric current
along the magnetic field lines, resulting in the separation
of charges and the drop of the electrostatic potential, at
least within the ergosphere. In this scenario, the black
hole can act as the unipolar generator (Blandford & Zna-
jek 1977) similar to the classical Faraday disk, which is
based on the use of electromotive force qv×B, resulting
in the charge separation due to the voltage drop between
the edge of the disk and its center. Further analysis
led to conclusion that any rotating compact object, like
neutron stars or black holes, immersed into an external
magnetic field and surrounded by plasma or an accretion
disk generates a rotationally induced electric field at the
object, as well as in the surrounding magnetosphere.
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Figure 2. Left: Orbital period–radius relations of three flares observed by GRAVITY on July 22 (black), May 27 (pink), and
July 28 (blue) fitted with circular orbits of a charged hot spot moving around a Kerr black hole of mass 4× 106M immersed
in an external magnetic field orthogonal to the orbital plane and characterized by the parameter B, given by Eq.(42). Solid
lines correspond to the B = 0 case, describing orbits without electromagnetic interaction, while dashed lines correspond to the
limiting values of B = ±1.5× 10−2, fitting the observed periods and positions of the flares. Green and black curves correspond
to the extremal Kerr black hole with a = ±1, and red curves correspond to the Schwarzschild black hole with a = 0. Right:
same as the left plot but zoomed in for the nonrotating black hole (a = 0). The centers of the error bars for all three flares can
be fitted by the parameter B = −3× 10−3 (middle dashed line).
3.2. Dynamics of the charged hot spots
Let us start with a note on terminology. There have
been a number of papers over the last three decades
developing a phenomenological description of an elec-
tromagnetic signal from a hot spot orbiting near a black
hole (see, e.g. Schnittman & Bertschinger 2004; Karas
2006, and references cited therein). This notion has been
rather successful in predicting basic features that appear
due to general relativity in light curves, spectra, and
polarimetrical signal that are expected from a spatially
localized source on a circular orbit or a plunging trajec-
tory near the event horizon. Various physical represen-
tations have been invoked in order to understand the ex-
tended life span of the spot in the presence of strong tidal
forces, where a plain blob of gas would disintegrate on a
timescale shorter than the orbital period (which would
prevent clear signatures from showing up and set the
constraints of black hole parameters); the term ”spot”
can thus represent a stable vortex (Abramowicz et al.
1992) or a wave pattern (Karas et al. 2001) within the
accretion medium, it can be stabilized by the presence
of a stellar object in the core (Cunningham & Bardeen
1973; Bao et al. 1994; Zajacˇek et al. 2014; Valencia-S.
et al. 2015), or it can be confined by ambient magnetic
pressure.
Although black holes do not support their own mag-
netic fields, large-scale organized fields are possible and
even likely to occur due to external currents flowing
in the accretion medium. Magnetic effects can visibly
the influence the motion and radiation of an electrically
charged spot. Even if a plasma blob is electrically neu-
tral globally, the mechanism of charge separation pro-
duces an excess of charge that can prevail in certain
regions.
The motion of a charged hot spot is described by
Eq.(22), which also includes in addition to the geodesic
term, the Lorentz and radiation reaction forces. In the
case of a locally uniform magnetic field that satisfies the
solution given by (17), the relative influence of magnetic
and gravitational fields on the motion of the hot spot
can be parameterized by the dimensionless parameter
(Tursunov et al. 2018a, 2016; Frolov & Shoom 2010)
B = qhsGBM
2mhs c4
, (42)
where B is the strength of the magnetic field, M is the
black hole mass, qhs andmhs are the charge and the mass
of the hot spot, and G and c are constants. The factor
1/2 is given for historical reasons. Hereafter, we call B
the magnetic parameter. The parameter B is chosen in
such a way that 2Bv/c is the ratio of the Lorentz force
to the gravitational force acting on the hot spot and
constrained for a plasma surrounding Sgr A* in Eq.(33).
Following Gravity Collaboration et al. (2018b), we as-
sume that the magnetic field is orthogonal to the orbital
plane of the hot spots that is placed at the equatorial
plane of spinning Sgr A*. Depending on the orienta-
tion of the Lorentz force, the shift of the orbital fre-
quency can occur in both directions for a given value
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of the orbital radii. Given the period–radius relations
of components of three flares observed in 2018 July 22,
May 27, and July 28, we solve the equations of mo-
tion for the charged hot spot numerically and put con-
straints on the magnetic parameter B in Figure 2 as
−0.015 < B < 0.01. One can also see in Figure 2 (right)
that the positions of the centers of the observed flares
on the period–radius plot are slightly lower than the
theoretically predicted periods of neutral hot spots (red
curve). The value of the magnetic parameter B fitting
the mean values (centers) of observed periods and radii
of three flares is B ∼ −3× 10−3 (dashed middle curve).
As discussed in Section 2.2, various measurements and
estimates of magnetic field strength in the vicinity of
Sgr A* suggest the equipartition magnetic field with a
strength of B ∼ 10G (Eckart et al. 2017). This gives
limits on the specific charge (charge-to-mass ratio) fol-
lowing Figure 2, in the range
|qhs|
mhs
< 10−3
(
B
10G
)−1(
MSgrA∗
4× 106M
)−1
C/g, (43)
while the mean value of the specific charge fitting the
observed mean periods and radii corresponds to
qhs
mhs
∣∣∣∣
mean
≈ −3×10−4
(
B
10G
)−1(
MSgrA∗
4× 106M
)−1
C/g.
(44)
The same ratio for electrons is of order e/me ∼ −108C/g
and for protons e/mp ∼ 105C/g. Assuming that the
constituents of the flare components are mainly protons
and electrons, one can easily calculate the limiting ra-
tio of the number of extra net charged particles to the
number of the neutral particles (proton–electron pairs)
in the hot spot as
Ncharged
Nneutral
=
qhs
e
mp +me
mhs
< 10−8, (45)
Ncharged
Nneutral
∣∣∣∣
mean
≈ 3× 10−9, (46)
i.e., observed flare components have a net charge con-
centration corresponding to 1 extra charged particle to
at least 108 neutral pairs of protons and electrons. Since
the mean value of the specific charge given by Eq.(44)
is negative, this corresponds to an extra electron in
each 3 × 108 neutral pair. Based on the total num-
ber density obtained in Eqs. (12) and (15), one can es-
timate the number density of extra charged particles
(ρq = ρN Ncharged/Nneutral) as
ρq < 10
−2
(
B
10G
)−1 ( ρN
106 cm−3
)
cm−3, (47)
ρmeanq ≈ 3× 10−3
(
B
10G
)−1 ( ρN
106 cm−3
)
cm−3, (48)
that is, an order of magnitude larger than our earlier
estimate (Eq.(31)), which is based on the charge sep-
aration in a relativistic magnetized plasma. However,
the discrepancy can be easily omitted if one assumes a
slightly stronger magnetic field at the orbital location of
the hot spots of the order or less than . 100G. In that
case, the two approaches will perfectly match.
For the masses of the hot spots estimated in Eq.(13),
the limiting values for the charges of the hot spots are
|qhs| < 1014.5±2.5
(
B
10G
)−1(
mhs
1017.5±2.5g
)
C ,(49)
qmeanhs ≈ −1013.5±2.5
(
B
10G
)−1(
mhs
1017.5±2.5g
)
C ,(50)
which does not contradict the value of Eq.(32) estimated
above. It is important to note that according to Fig-
ure 2, the spin parameter of the black hole does not
play a crucial role in the fitting of the period–radius re-
lation of circular orbits, while the magnetic parameter
shifts the orbits and periods significantly, although one
can conclude that the plasma containing the hot spot
has a nonnegligible excess of net charge, which is shown
by the above estimates.
3.3. Synchrotron Radiation from Charged Hot Spot
Emission of flares observed mainly at X-ray wave-
lengths roughly appears every day, increasing the lumi-
nosity of Sgr A* up to 2 orders of magnitude (Yuan et al.
2003). On average, the flare state of Sgr A* corresponds
to a luminosity of the order of 1033erg s−1, although the
brightest flares may reach a luminosity of 1035−1036erg
s−1 (Nowak et al. 2012). The flare activity states may
last from a few minutes to hours. Usually, the shortest
timescales correspond to the flare components at the
closest distances from Sgr A*. Associating the nonther-
mal flare emission with the synchrotron radiation of a
charged hot spot in a magnetic field surrounding Sgr A*,
one can find other limits on the charge of the flare com-
ponents and their emission timescales. For a magnetic
field orthogonal to the orbital plane, the intensity of ra-
diation in all directions of the hot spot orbiting the black
hole in a fully relativistic approach is given by (Sokolov
et al. 1978; Shoom 2015; Tursunov et al. 2018a)
L =
2
3
q4hsB
2v2γ2
m2hsc
3
(
1− 2Rg
R0
)3
erg s−1, (51)
where v is the velocity of the hot spot in units of the
speed of light, and R0 is the orbital radius. Equalizing
Eq.(51) to 1033erg s−1 for the orbit at the radius R =
6Rg from Sgr A*, we get another limit for the charge of
Effect of Electromagnetic Interaction on Galactic Center Flare Components 15
4 6 8 10 12 14
10
20
30
40
50
60
70
80
RRg
P@
m
in
D
a=0
M*=4.1´106M
B=0
Q=0 Q=0.15Q=-0.5
Q=1.1
Jul 22
May 27
Jul 28
Figure 3. Orbital period–radius relations of three flares
observed by GRAVITY on July 22 (black), May 27 (pink),
and July 28 (blue) fitted with circular orbits of a charged
hot spot moving around a Schwarzschild black hole of mass
4×106M carrying a small electric charge. The dynamics of
the hot spots is characterized by the parameter Q defined by
Eq. (54) and reflecting the Coulombic interaction between
the hot spot and the black hole. The centers of the error
bars for all three flares can be fitted by the mean value of
parameter Q = 0.15 (middle dashed line).
the hot spot as qminhs < q < q
max
hs , where
qminhs ≈ −1013
(
B
10G
)− 12 ( mhs
1014g
) 1
2
(
L
1033erg s−1
) 1
4
C,
(52)
qmaxhs ≈ 1016
(
B
10G
)− 12 ( mhs
1020g
) 1
2
(
L
1033erg s−1
) 1
4
C,
(53)
whose orders of magnitude are very close to the limits of
Eq.(49) given by the fitting of the period–radius data.
3.4. Effect of the Black Hole Charge
Given that the hot spot carries a small electric charge,
one can also consider the possible influence on its mo-
tion of the unscreened charge of the black hole, which
is discussed in Section 2.3. The realistic upper limit
to the black hole charge is of the order of ∼ 1015C
(see Zajacˇek et al. 2018), which can arise due to mag-
netic field twist. In the case of a uniform magnetic
field, the black hole possesses a Wald charge QW =
2G2aMB/c4 ≈ G2M2B/(2c4). Using an approach simi-
lar to the magnetic field case (see Section 3.2 for details)
we summarize the results of the fitting of the period–
radius plots in Figure 3. For the sake of simplicity and
in order to identify the pure contribution to the hot
spot dynamics due to black hole’s charge, we neglect
the effects of the spin and magnetic field. Similar to
the magnetic parameter given by Eq.(42), we introduce
the dimensionless parameter Q, reflecting the Coulom-
bic interaction between the hot spot and the black hole,
Q = qhsQBH
GmhsMSgrA∗
. (54)
Taking the charge of the black hole QBH ∼ 1015C and
constraining the charge parameter to −0.5 < Q < 1,
with a mean value Q = 0.15, we get the following con-
straints on the specific charge (charge-to-mass ratio) of
the hot spot:
|qhs|
mhs
< 2× 10−2
(
Q
1015C
)−1(
MSgrA∗
4× 106M
)−1
C/g,
(55)
while the mean value of the specific charge fitting the
observed mean periods and radii corresponds to
qhs
mhs
∣∣∣∣
mean
≈ 7× 10−3
(
B
10G
)−1(
MSgrA∗
4× 106M
)−1
C/g.
(56)
One can notice that the estimates in Eqs.(55) and (56)
are only 1 order of magnitude larger than in the mag-
netic case (see Eqs. (43) and (44)). Further analysis
leads to the following constraints to the charge:
qminhs ≈ −1012
(
Q
QW(∼ 1018C)
)(
mhs
1017g
)
C, (57)
qmaxhs ≈ 1018
(
Q
QW(∼ 1015C)
)(
mhs
1020g
)
C, (58)
which are close to the previous estimates by an order of
magnitude.
3.5. ISCO Shifts Mimicking Black Hole Spin
The location of the innermost stable circular orbit
(ISCO) is among the few parameters that are strongly
sensitive to the value of the black hole spin. The ISCO of
a nonrotating black hole (a = 0) is located at a distance
of 6Rg from singularity. For rotating black holes, the
ISCO of corotating matter shifts toward the black hole,
coinciding with the event horizon at the extremal case
(a = 1). For counterrotating matter, the ISCO shifts
outward from the black hole, reaching up to 9Rg in the
extremal case. However, the inclusion of the interaction
of the magnetic field with the charge of the accretion
flow can shift the ISCO dramatically. The motion of
relativistic plasma around magnetized black hole puts
limits to the ratio of the Lorentz force to the gravita-
tion force acting at the ISCO scales, given by Eq. (33).
This implies that in general, for a plasma, the upper
limit for the magnetic parameter B defined in Eq. (42)
is |B| < 10.
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Figure 4. Location of the ISCO of a positively and negatively charged hot spot corotating (blue) and counterrotating (red)
around Sgr A* immersed in a uniform magnetic field in dependence on the dimensionless parameter B = qGMBHB/(mhsc4) for
the values of black hole spin: a = 0, a = 0.5, a = 0.998. The charge of the black hole corresponds to the Wald charge. The
region below the event horizon is shown by gray hatched lines.
In Figure 4 we demonstrate the shift of the ISCO lo-
cation toward the black hole by increasing the magnetic
parameter B in the case of uniform magnetic field con-
figuration. The ISCO in the presence of a magnetic field
has in total four branches by two for each corotating and
counterrotating cases corresponding to the Larmor and
anti-Larmor types of motion (Aliev & O¨zdemir 2002;
Frolov & Shoom 2010; Tursunov et al. 2016). For the
upper limit of the magnetic parameter |B| ≈ 10, the
ISCO in the nonrotating black hole case shifts to the
values rISCO ≈ 2.1Rg for B > 0 and rISCO ≈ 4.3Rg for
B < 0. These values correspond to the ISCO of neutral
matter moving around rotating black hole with the spin
a = 0.93 and a = 0.48, respectively.
A simple example demonstrated in Figure 4 shows
that the effect of electromagnetic interaction on the mat-
ter surrounding the black hole can be of crucial impor-
tance, as it may lead to the discrepancy in the measure-
ments of the spin of the SMBH. Since the magnetic field
configuration in the Sgr A* environment can be more
sophisticated, the problem requires further study.
Similar analyses of the location of the ISCO in the
case of the Schwarzschild black hole with a small elec-
tric charge immersed in the external magnetic field were
studied in Hackstein & Hackmann (2020).
4. INCLINATION OF THE BLACK HOLE SPIN
It is interesting to discuss the possibility of misalign-
ment of the orbital planes of the flare components with
respect to the rotation axis of the black hole, as the
direction of the spin axis of the black hole at the Galac-
tic center remains unknown. Recent studies based on
3D (magneto)hydrodynamic simulations have evidenced
a tendency toward alignment of accretion disk struc-
tures with the black hole spin in the region close to the
black hole, while at large distances, the accretion disk
remains at its initial arbitrary orientation (Liska et al.
2020; Hawley & Krolik 2019; Nealon et al. 2015). The
effect is caused by torque that is relatively strong around
the black hole and known as the Bardeen–Petterson ef-
fect (Bardeen & Petterson 1975). In the case of recent
hot spots detected close to Sgr A*, the rotation of the
polarization angles of the synchrotron emission from the
positions of flares with the periods approximately equal
to the orbital periods of the flare components are con-
sistent with the magnetic field lines orthogonal to the
orbital plane (Gravity Collaboration et al. 2018b), al-
though the direction of the spin of the black hole re-
mains unknown. Since the orbital axis of the hot spots
is nearly orthogonal to the Galactic plane, it is espe-
cially interesting whether the Bardeen-Petterson effect
may take place in the case of the Galactic center (Dexter
& Fragile 2013). For the analysis of hot spot dynamics,
though, we will use a charged test particle model.
A solution of Maxwell’s equations describing an
asymptotically uniform magnetic field with an arbi-
trary inclination angle with respect to the spin axis was
found by Bicak & Janis (1985) that also contains a pos-
sible effect of the black hole charge. Introducing two
components of a magnetic field (Bx, Bz) with the axis
of rotation coinciding with the z-axis, one can write the
components of the four-vector potential in the following
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Figure 5. Trajectories of charged hot spots orbiting SMBH Sgr A* for various relative inclinations of magnetic field and the
black hole spin axes. The orbital plane is orthogonal to the magnetic field lines, the spin is fixed to the value a = 0.5M and
vertically directed, the initial positions and velocities are given inside the plots and are the same for all plots. The first column
represents a face-on view of the orbit; the second column shows the trajectories viewed from the equatorial plane, with the
dot–dashed line indicating the axis of black hole spin. The third column shows the cross section of the trajectory in a plane
orthogonal to the equatorial plane, and the fourth column represents the 3D trajectories of the hot spots with the orbital periods
found numerically. See the detailed discussion in Section 4.
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Figure 6. Trajectories of neutral hot spots orbiting Sgr A* (electromagnetic interaction is neglected) for various relative
inclinations of orbital plane and the black hole spin. The first two rows correspond to the starting positions of hot spots at a
distance of 6Rg, while the last two rows are plotted for hot spots starting at a distance of 11Rg from the black hole. The first
column represents a face-on view of the orbit; second column shows the trajectories viewed from the equatorial plane, where
the dot–dashed line shows the axis of black hole spin. The third column shows the cross section of the trajectory in a plane
orthogonal to the equatorial plane, and the fourth column represents the 3D trajectories of hot spots with the orbital periods
found numerically. See the detailed discussion in Section 4.
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form (Bicak & Janis 1985; Kopa´cˇek & Karas 2014):
At=
Bx aM sin 2θ
2Σ
(r cosψ − a sinψ) (59)
+
BzaMr
Σ
(
1 + cos2 θ
)−Bza,
Ar =−1
2
Bx(r −M) sin 2θ sinψ, (60)
Aθ =−Bxa(r sin2 θ +M cos2 θ) cosψ (61)
−Bx(r2 cos2 θ −Mr cos 2θ + a2 cos 2θ) sinψ,
Aϕ=Bz sin
2 θ
[
1
2
(r2 + a2)− a
2Mr
Σ
(1 + cos2 θ)
]
(62)
−Bx sin θ cos θ
[
∆ cosψ
+
(r2 + a2)M
Σ
(r cosψ − a sinψ)
]
,
where Σ = r2 + a2 cos2 θ, ∆ = r2 − 2Mr + a2 and ψ is
defined as
ψ = ϕ+
a
2
√
M2 − a2 ln
r −M −√M2 − a2
r −M +√M2 − a2 , (63)
asymptotically approaching ϕ, i.e. limr→∞ ψ = ϕ. Here
we use the geometrized units, in which G = c = 1, so
that M has the unit of length (M → GM/c2).
In the presence of a magnetic field, the dynamical
equations for the motion of charged particles (hot spots)
around a black hole are not separable, which can lead
to the chaotic character of the motion. Various fea-
tures of the dynamics of charged particles in combined
strong gravitational and magnetic fields have been stud-
ied recently (see, e.g. Stuchl´ık et al. (2020); Pa´nis et al.
(2019); Tursunov et al. (2016); Stuchl´ık & Kolosˇ (2016);
Kolosˇ et al. (2015); Kopa´cˇek & Karas (2014)). The mo-
tion is always regular if the trajectories of the parti-
cles are bounded in the vicinity of the equatorial plane,
which corresponds to the motion close to the local min-
imum of the effective potential with circular or quasi-
harmonic oscillatory motion of the charged particles.
This type of motion modeled for Keplerian accretion
disks of stellar mass black holes has been successfully
applied for the explanation of the quasi-periodic oscil-
lations of X-ray flux from several microquasars (Kolosˇ
et al. 2017; Tursunov & Kolosˇ 2018).
However, the inclination of the angle of the hot spot
orbit from the equatorial plane or of the magnetic field
lines with respect to the axis of black hole rotation may
lead to the occurrence of chaotic behavior of the mo-
tion due to breaking the axial symmetry of the system.
In that case, the angular momentum of a hot spot is
not conserved along its trajectory, which means that
the orbital period cannot be properly defined. In par-
ticular cases studied below, the hot spot may exhibit
quasi-circular motion along a single orbit; after that,
the quasi-circular character of the motion breaks and
the motion becomes chaotic.
We numerically solve the equations of motion for a
charged hot spot, applying the external magnetic field
given by the solution (59)-(62). Aligning the orbital and
magnetic field axes, we investigate the effect of their
inclinations with respect to the axis of the black hole
rotation. The relative influence of magnetic and grav-
itational forces is given by the dimensionless parame-
ter B = 0.01 that corresponds to the hot spot with a
small net charge density of the order of ρq ∼ 10−5cm−3
if the total number density ρN ∼ 106cm−3, and ρq ∼
10−1cm−3 if ρN ∼ 108cm−3, as derived in Section 3.2.
In all figures, the starting position of the hot spots is
set to r0 = 6Rg and the black hole spin is aligned in
the vertical direction with a fixed value of a = 0.5M .
We denote the inclination angle between the black hole
spin and initial orbital position of the hot spot as by
θ0. Based on the GRAVITY measurements of the ro-
tation of the polarization plane at the positions of the
hot spots, one can assume that the magnetic field is ori-
ented approximately perpendicular to the orbital plane.
Therefore, one can introduce a “more fundamental” an-
gle of inclination between magnetic field and the spin
axis, being α = 90◦ − θ0.
In Figure 5 we plot the trajectories of charged hot
spots orbiting SMBH Sgr A* for various relative incli-
nations of magnetic field lines and the black hole spin.
The first column represents a face-on view of the or-
bit; i.e., the orbital plane is perpendicular to the line
of sight. Initial position and velocity components are
given inside the plots in dimensionless units. The sec-
ond column represents the trajectories viewed from the
equatorial plane, with the axis of black hole rotation
shown as a dot–dashed line. Magnetic field components
inclined with respect to the spin axis of the black hole
coinciding with z-axis are indicated in the plot. The in-
clination angle between the magnetic field axis and the
black hole spin is given by
α = arctan
∣∣∣∣BxBz
∣∣∣∣× 180◦pi ≡ 90◦ − θ0, (64)
where θ0 is an angle between the initial orbital position
of the hot spot and the spin of the black hole. Equa-
torial motion corresponds to θ0 = 90
◦, or α = 0◦. The
third column shows the cross section of the trajectory
in a plane orthogonal to the equatorial plane of a black
hole, and the last column represents the 3D trajectories
of the hot spots with the orbital periods found numeri-
cally using a Fourier transform applied to the particles’
trajectories.
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Figure 7. Trajectories of charged hot spots orbiting the SMBH Sgr A* in the case of opposite orientation of magnetic field
axes and its inclinations with respect to the black hole spin that is vertically directed in all plots. See, for comparison, Figure 5
and discussion given in Section 4.
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Increasing the relative inclinations of the magnetic
field and spin axes leads to the growth of the orbital
period of the hot spots for the same orbital positions,
while the stability of the orbit decreases. However, for
large inclinations, when the spin and magnetic field axes
are nearly orthogonal, the motion becomes chaotic, and
the orbital period cannot be defined. Therefore, these
cases can be excluded according to our model. From
numerical simulations, we find that the stable orbits ex-
ist until the critical angle is reached, i.e., in the range
of angles, 40◦ . θ0 . 140◦, or, equivalently, |α| . 50◦.
This implies that the magnetic field lines have a ten-
dency to be aligned with the black hole spin. Since the
trajectories of the closest flare components have been
observed with a nearly face-on circular shape, following
the above analysis, it seems more likely that the black
hole Sgr A* is aligned toward the observer, rather than
perpendicular to the Galactic plane. The Above results
derived for the spin a = 0.5M are also applicable for ar-
bitrary values of the spin a > 0.5M , since the stability of
the motion of the charged hot spot at an inclined orbit
decreases with increasing the spin of the black hole.
For completeness of results, we performed similar
analyses in the case of the neutral hot spot. Results
are presented in Figure 6, where the effect of the elec-
tromagnetic interaction is neglected. In this case, the
equations of motion are fully integrable, and the mo-
tion is regular. As opposed to the charged case, the
angular momentum is conserved for arbitrary orbital in-
clinations with respect to the spin that gives a rise to
the existence of the boundaries of the motion, plotted in
the third column. The first two rows correspond to the
hot spot orbiting at a distance of 6Rg from the black
hole, while the last two rows correspond to 11Rg. In the
neutral case, the orbital periods of hot spots is nearly
independent from the orbital inclinations.
Another possibility of a special interest is the case
where the spin and magnetic field axes are oriented in
opposite directions. Although such a case seems less
likely, one cannot entirely exclude it, as demonstrated in
Figure 7. In contrast to the case represented in Figure 5,
one can also find circular orbits for inclination angles
θ0 < 40
◦; however, these orbits are highly unstable.
One of the interesting continuations could be the
fitting of the detected hot spot orbits with the off-
equatorial orbits of Kova´rˇ et al. (2008, 2010) that can
be stable in the presence of a magnetic field for charged
hot spots.
5. DISCUSSION
In this study, we focused on the effect of the ordered,
poloidal magnetic field on the plasma components asso-
ciated with NIR/X-ray flaring activity of Sgr A*. The
motion of plasma within this field leads to a small charge
density of only 10−3 − 10−4 cm−3, which can, however,
have considerable effects on the component motion in
this magnetic field.
5.1. Flare Components and Their Relation to
Large-scale Structures
We focused on the observed motion of three hot spots
observed by GRAVITY (Gravity Collaboration et al.
2018b) that exhibit clockwise motion with inclinations
i = 160◦±10◦. The polarization rotation implies a mag-
netic field oriented approximately parallel to the vector
of the orbital plane, i.e., a poloidal configuration. On
the other hand, the bright X-ray flares often exhibit a
double-peak structure (Karssen et al. 2017; Ponti et al.
2017), which is fitted well by the combination of lens-
ing and Doppler boosting of hot spot emission due to
its motion along the trajectory that is close to edge-on
with respect to the observer (Eckart et al. 2018). Al-
ready the first hot spot models of Sgr A* flaring activ-
ity implied the departure from face-on orientation, with
an inclination of i ≤ 145◦ (Meyer et al. 2006). Hence,
the total range of inclinations is expected to be large,
i = 90◦−160◦, i.e., from nearly edge-on to nearly face-on
orbits. Future GRAVITY observations will likely pro-
vide better statistics to assess the inclination distribu-
tion.
A large range of hot spot inclinations is generally ex-
pected in hot accretion flows (Yuan & Narayan 2014),
whose half-thickness scales approximately as h ∼ r; i.e.,
the half-opening angle of the hot flow is close to 45◦.
The mid-plane of the flow is currently uncertain. Taking
into account the inflow–outflow accretion flow model, in
which most of the material is provided by stellar winds
of about 200 OB Wolf–Rayet stars in the central par-
sec with the mass-loss rates of M˙w ≈ 10−5M yr−1
and wind velocities of ∼ 1000 km s−1 (Cuadra et al.
2008; Shcherbakov & Baganoff 2010; Ressler et al. 2018;
Caldero´n et al. 2020), the accretion flow midplane could
be associated with the clockwise disc of massive OB
stars (Levin & Beloborodov 2003), whose inclination is
i = 122◦ ± 7◦ (Genzel et al. 2010). Magnetohydrody-
namic simulations of the inner accretion flow of Sgr A*
that is supplied by stellar winds confirm a broad range
of angular momenta and a large thickness of the hot flow
(Ressler et al. 2018). Therefore, the frequent occurrence
of hot spots on clockwise orbits with various inclinations
ranging from edge-on (& 90◦) to nearly face-on (. 180◦)
could also be linked to the hot, thick flow that is sup-
plied by the stellar winds of young stars concentrated at
inclinations close to 120◦. Recently, Murchikova et al.
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(2019) found observational evidence for a presence of the
disk-like structure with a radius of ∼ 0.004 pc based on
the detection of a broad, double-peak 1.3 − mm H30α
line with ALMA. This colder disk has a temperature of
∼ 104 K and a number density of 105-106 cm−3, depend-
ing on its exact filling factor. Such a disk-like structure
embedded within the hot diluted plasma could be a re-
sult of the “disk” phase of the evolution of a system of
hot Wolf–Rayet stars after & 3000 yr (Caldero´n et al.
2020). Cuadra et al. (2008) calculated the mean value
of the circularization radius Rcirc ∼ 0.05′′ = 0.002 pc of
the gas that originates in the stellar winds, which is com-
parable to the radius of the colder disk of Murchikova
et al. (2019). In addition, the statistics of NIR polariza-
tion data implies a rather stable geometrical orientation
of the system. Shahzamanian et al. (2015) found typi-
cal polarization degrees of the order of 20%±10% and a
preferred polarization angle of 13◦ ± 15◦. This orienta-
tion is to the first order consistent with that of the the
primary He star clockwise disk (Levin & Beloborodov
2003).
Our analysis is generally applicable to the accretion
flows where the magnetic field is dynamically signifi-
cant, which seems to be the case for the Galactic center,
according to our estimate of the magnetization param-
eter; see Section 2.2. This is especially the case for less
dense hot flows, where the frozen-in magnetic field is
dragged inward by the accreting gas and accumulates at
the very center (Bisnovatyi-Kogan & Ruzmaikin 1974,
1976) with the dominant poloidal component, which at a
certain point is strong enough to disrupt the axisymmet-
ric flow at the magnetospheric radius. In Section 1.2, we
estimated the magnetospheric radius Rm for the spher-
ical flow; see Eq. (3). For the axisymmetric flow, in-
side Rm, the flow is supported against gravity by the
magnetic pressure, GMΣ/R ≈ 2BRBz/4pi, where the
surface density of the flow depends on the accretion
rate M˙ and the radial velocity, which is by a factor of
 ≈ 0.01 − 0.001 smaller than the freefall velocity vff
(Narayan et al. 2003), as Σ = M˙/(2piRvff). From this,
assuming BR ∼ Bz = Bpol, the relation for Rm is the
following:
Rm ≈
(
M˙
√
GM
B2pol
)2/5
. (65)
Inside Rm, the accretion flow is broken up and con-
tinues to move inward at velocities much slower than
the freefall velocity, vR = vff . The MAD consists of
magnetic islands and magnetic reconnection events that
are expected to be frequent enough to give rise to the
adiabatically expanding plasmoids or hot spots (Yuan
et al. 2009; Eckart et al. 2012; Li et al. 2015), which can
explain the observed flares and their multiwavelength
properties, mainly the simultaneous NIR/X-ray flares
and time-delayed submillimeter/millimeter/radio flares.
In fact, the overall picture is consistent for the Galac-
tic center environment including the stellar and gaseous
components. If we consider the disk-like component of
the accretion flow, which can be refueled by stellar winds
(Caldero´n et al. 2020; Murchikova et al. 2019), with an
accretion rate in the inner 100Rg of M˙ ≈ 10−8 M yr−1
(Marrone et al. 2007) and a poloidal magnetic field of
Bpol ≈ 10 G, the estimate of Rm follows from Eq. (65),
Rm ∼ 78.5
(
M˙
10−8 M yr−1
)2/5(
M
4× 106M
)1/5
×
(66)
×
( 
0.01
)−2/5(Bpol
10 G
)−4/5
Rg ,
which is of a comparable order of magnitude to the
value derived for the spherical accretion, see Eq. (3).
So far, the observed flares or hot spots have been lo-
cated within this radius (Karssen et al. 2017; Gravity
Collaboration et al. 2018b). The disk plane could also
influence the predominant orientation of the flare com-
ponents as discussed earlier, albeit with a large scatter
due to the thickness of the flow. The overall setup of the
hot, thick flow with the inner MAD part is illustrated
in Fig. 1. However, the detailed numerical modeling
of stellar wind feeding including the magnetic field is
needed to test the self-consistency of this model, which
is beyond the scope of this paper.
The analyses given in this paper could, in general, be
applied to the case of the M87 black hole, for which the
first black hole image has been obtained by the Event
Horizon Telescope (EHT). The EHT image exhibits a
bright, short crescent in the SSE–SWW position angle
and a relatively compact hot spot at the SEE sector
(Event Horizon Telescope Collaboration et al. 2019).
Fitting the image and the orientation of the jet emis-
sion simultaneously with the general relativistic mag-
netohydrodynamic simulations makes it difficult to ex-
plain the emission in the SEE sector (Nalewajko et al.
2020), at least within strictly stationary and axially
symmetric models. The presence of the charge in the
accretion flow taking into account the electromagnetic
interaction of the accretion disk of M87 could poten-
tially help to resolve the problem, which requires fur-
ther study. We note that the orbital timescale of the
flare components in M87 is significantly longer. While
for Sgr A*, we have the basic timescale at the ISCO of
PSgrA∗ = 12
√
6piGM/c3 ∼ 31.3 min, for M87, we have
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an orbital timescale of PM87 = (MM87/MSgrA∗)PSgrA∗ ≈
1570 × 31.3 minutes ∼ 34 days. Therefore, if the flare
component has a shorter timescale than the orbital
timescale, it may be complicated to trace the flare com-
ponents of M87 along their orbits, as was done for
Sgr A*.
5.2. Could Hot Spots Be a Part of an Outflow?
In our analysis, we considered the orbiting hot spot to
arise in the accretion flow. Hence, the orbit is expected
to be bounded or inspiralling with respect to the Sgr A*
black hole. In case the hot spot had a large bulk motion,
it could become a part of an outflow or the sheath of a
helical jet (Ripperda et al. 2020). Several observations
of faint jet-like structures in the vicinity of Sgr A* have
been reported in the X-ray, radio, and IR domains, in
general at different position angles (Eckart et al. 2006;
Yusef-Zadeh et al. 2012; Li et al. 2013; Shahzamanian
et al. 2015). Although the ADAF-jet model can explain
the broadband characteristics of Sgr A* (Yuan et al.
2002), there is no clear observational evidence for hot
spots to be jet plasmoids on outflowing trajectories. In
fact, a significant linear component of the velocity is
expected, which for large inclinations of i ≈ 160◦ should
lead to much stronger Doppler boosting than observed.
This can be shown from the general expectation that
the jet velocity should be of the order of the local orbital
velocity of the accretion material (de Gouveia dal Pino
2005), vj ∼ vorb(ISCO) ∼ 0.5c. For a small angle to
the line of sight, this would lead to a Doppler-boosting
factor of δ ≈ [γ(1−β)]−1 ≈ √3, and the overall Doppler
term
Sobs
SHS
= D ≡ δ3+α ≈ 7.22− 11.84 , (67)
where Sobs and SHS are the flux densities measured in
the observer’s frame and the frame of the hot spot, re-
spectively. The spectral index α, Sν ∝ ν−α, is 0.6 and
1.5 for the very bright and average bright flares, respec-
tively (Witzel et al. 2018). This is clearly in contra-
diction to the observational constraints on the Doppler
term of D < 2.5. In case the jet components had a sig-
nificant φ-component of their velocity, the Doppler term
would limit the forward speed to 0.20− 0.24 c, which is
comparable to the projection of a φ-component to the
line of sight, vφ sin i = 0.5 × sin 20◦ ≈ 0.17. Hence, the
hot spots would be nearly stationary components of the
jet. Although in some cases nearly stationary jet compo-
nents are detected, e.g. in blazar jets (see, e.g. Britzen
et al. 2018), their long-term kinematics evolves on a
timescale of years, in comparison with the short-term
hot spot clockwise motion as detected by the GRAV-
ITY instrument (Gravity Collaboration et al. 2018b).
Therefore, the assumption that hot spots arise in the
accretion inflow rather than outflow is better justified,
at least for a current set of orbiting hot spots.
5.3. Comparison with other studies
Gravity Collaboration et al. (2020b) analyzed the as-
trometric positions of the three hot spots detected in
2018 with a general relativistic ray-tracing code. They
included the effects of out-of-plane orbits, as well as the
shearing of hot spots. They inferred a mean orbital ra-
dius of ∼ 9Rg, and an inclination of i ∼ 140◦, and they
constrained the hot spot diameter to less than 5Rg, i.e.
the hot spots must be very compact emission sites.
Ripperda et al. (2020) studied the magnetic recon-
nection and the plasmoid formation in current sheaths
in the accretion flows using general relativistic MHD
simulations. They confirmed that plasmoids can form
in the inner accretion flow parts between 5 and 10
Schwarzschild radii, regardless of the disk size and its
magnetization. Plasmoids can further merge and grow
to a macroscopic size of the order of a Schwarzschild ra-
dius (∼ 0.1 AU) and get advected toward the black hole
or become a part of the jet sheath.
Matsumoto et al. (2020) attempted to explain an ap-
parent paradox in GRAVITY observations: the hot
spots appear to traverse a loop on the sky in a time
shorter than expected, which leads to a velocity of
∼ 0.3c. The authors proposed that instead of mate-
rial motions, in which the hot spot follows a gas parcel
in the RIAF or along a geodesic, the radius–velocity dis-
crepancy can be solved by the pattern motion at super-
Keplerian speeds at larger radii. First, they proposed a
magnetohydrodynamic perturbation at r ∼ 12.5Rg, or,
alternatively, the pattern could be created due to the
interaction between the outflow and the inclined disk at
a radius of ∼ 20Rg.
Our work is complementary to the above-mentioned
studies in a way that it considers the model of a charged
magnetosphere. In addition, the paradox of super-
Keplerian speeds can be solved by the presence of the
Lorentz force.
6. SUMMARY AND CONCLUSION
The main results of the paper related to the con-
straints on some parameters of the flares and their com-
ponents are summarized in Table 1.
Measurements of the rotations of the polarization
planes at the Galactic center suggest the existence of
the large-scale, ordered magnetic field in the close vicin-
ity of the SMBH Sgr A*. Assuming the presence of the
orthogonal component of the magnetic field, the motion
of relativistic plasma around the black hole leads to the
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Table 1. Summary of the constraints on the parameters of the Galactic center flare components.
Here ρN denotes the total number density of particles in the plasma, ρq denotes the number density of extra charged particles,
qhs denotes the net charge of the hot spot for various methods of estimation, α denotes the angle between the black hole spin
axis and the orientation of the magnetic field lines.
Parameter Limit Note Reference
Rhs (1− 5)RgGM/c2 ≈ 6× 1011cm− 3× 1012cm size Eqs. (11), (14)
mhs m
min
hs ≈ 1.2× 1017 g, mmaxhs ≈ 2.3× 1020 g mass Eq. (13)
ρN ≈ 107±1cm−3 total par. density Eqs. (12), (15)
ρmag.q ≈ 1.28× 10−4
(
B
10G
) (
T
45min
)−1
cm−3 charge separation Eq. (31)
ρdyn.q < 10
−2 ( B
10G
)−1 ( ρN
106 cm−3
)
cm−3 orbital fitting Eq. (47)
ρcentroidq ≈ 3× 10−3
(
B
10G
)−1 ( ρN
106 cm−3
)
cm−3 centroid orb. fit. Eq.(48)
|qmag.hs | 2× 1013
(
B
10G
) (
R
Rs
)3
C charge separation Eq.(32)
|qdyn.hs | < 1014.5±2.5
(
B
10G
)−1 ( mhs
1017.5±2.5g
)
C orbital fitting Eq.(49)
qcentroidhs −1013.5±2.5
(
B
10G
)−1 ( mhs
1017.5±2.5g
)
C centroid orb. fit. Eq.(50)
|qCoulombhs | < 1015±3
(
Q
QW
)(
m
mhs
)
C charged BH orb. fit. Eqs.(57), (58)
|qsyn.hs | < 1014.5±1.5
(
B
10G
)− 1
2
(
m
mhs
) 1
2
(
L
1033erg s−1
) 1
4
C synchrotron fit. Eqs.(52), (52)
QmaxWald (Sgr A*) . 1015
(
M
4×106M
)2 (
Bext
10G
)
C induced BH charge Eq.(9)
α |α| < 50◦, for a ≥ 0.5 angle between a&B Section 4
θ0 40
◦ < θ0 < 140◦, for a ≥ 0.5 angle between a & orb. plane Section 4
charge separation and resulting nonnegligible net charge
density in a plasma. On the other hand, the rotation of
the black hole in the magnetic field induces the electric
field on the black hole surface. As a result, both the
black hole and its magnetosphere possess nonzero and
opposite electric charges that are gravitationally weak
but electromagnetically nonnegligible.
In black hole case the charge is given by the solution of
Wald (1974), for the charge of black hole magnetosphere
by Ruffini & Wilson (1975). A special relativistic ana-
log of the described charging mechanism and applied to
the rotating magnetized neutron stars is known by the
solution of Goldreich & Julian (1969).
Applying a simplified toy model of the axially sym-
metric electron–proton plasma hot spot with a magnetic
field strongly orthogonal to the hot spot’s orbital plane,
we parameterized the ratio of the Lorenz force to the
gravitational force by the dimensionless parameter B,
given by Eq. (42) and constrained its value in between
10−5 and 10. In general, this implies that the electro-
magnetic forces acting on the hot spots moving around
Sgr A* may dominate over the gravitational force from
the SMBH.
Tighter constraints on the parameter B were made by
analyzing the dynamics of the components of three re-
cent flares detected by the Gravity Collaboration et al.
(2018b) near the ISCO of Sgr A*. Note that the posi-
tions of the centroids of all three hot spots are slightly
lower in periods than expected for the Kerr black hole
case (in the absence of electromagnetic interaction). As
we have shown in Figure 2, the centroids can be well
fitted if the electromagnetic interactions are taken into
account with the parameter B ≈ −3 × 10−3. This cor-
responds to a net charge number density of the order
of 3 × 10−3cm−3, if the total number density of parti-
cles in the accretion flow is of the order of 106cm−3. It
is important to note that centroid fittings suggest that
the sign of the hot spot is negative, while the black hole
charge, in general, is more likely to be positive. One can
also see that this result is in accordance with Ruffini &
Wilson (1975) charging mechanism, where the charge of
the plasma magnetosphere is equal with opposite sign
to the charge of the black hole. Note that these con-
straints are applicable, in general, to an arbitrary hot
spot model, constituted by plasma.
One of the most important consequences of the elec-
tromagnetic interaction is the shift of the location of
the ISCO of charged hot spots with respect to the neu-
tral case. The results of the ISCO shifts in a simplified
case of a uniform magnetic field are shown in Figure 4.
The value of the ISCO shift depends on the sign of the
hot spot charge among other parameters. For a positive
(negative) hot spot charge and magnetic field aligned
along the orbital axis, the electromagnetic parameter
B can mimic the spin of the black hole up to a value
of a = 0.93 (or a = 0.48 in the negative case). Since
the location of the ISCO is among the most important
parameters determining the black hole spin in the accre-
tion theory, a possible discrepancy in the measurements
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of the spin due to the magnetic field has to be properly
analyzed.
Comparing the observed luminosity of the flares with
those of the charged hot spot, we obtained another con-
straint on the charge of the flare components in Sec-
tion 3.3 that is of a similar order of magnitude as con-
straints from dynamics. In order to complete the study,
we also considered purely Coulombic interactions be-
tween the black hole (with the Wald charge) and the
hot spots that led us to another constraint, given in
Section 3.4. We also estimated the size and mass of the
hot spots in Section 2.4.
We have shown that the dynamics of the matter at
the Galactic center can be chaotic if the axial symmetry
of the system is broken. Analyzing the motion of hot
spots around a black hole in a magnetic field inclined
with respect to the black hole spin and comparing the
trajectories with those of the observed flare components,
we have constrained the inclination angle between the
black hole spin and the axis of the hot spot orbital plane
to α < 50◦. For larger angles, the motion is strongly
chaotic, and the orbital frequency cannot be properly
determined. This, in particular, excludes the case of the
orientation of the black hole with the Galactic rotation
axis. On the other hand, our constraints on the orienta-
tion of the black hole spin make sense only for relatively
rapid spins with a > 0.5. If the black hole is rotating
slowly or not rotating at all, the orbital periods, posi-
tions, and shapes of the trajectories can be fitted for a
black hole with arbitrary spin inclinations.
The importance of electromagnetic interactions of
flare components with external electromagnetic fields
lies in the consequently arising uncertainty in the de-
termination of the black hole spin. Depending on the
orientation of the Lorentz force and the electrostatic in-
teraction between the hot spot and black hole, the or-
bital period and radius of the hot spot can be shifted in
both ways. This can mimic the effect of the black hole
spin on the position of the ISCO. Moreover, the charging
mechanisms are crucial for understanding of the energy
extraction processes from black holes, as the induced
electric field is the driving force in the jet acceleration
models based on, e.g., Blandford & Znajek (1977) and
magnetic Penrose process (see, e.g. recent review by
Tursunov & Dadhich 2019). Therefore, the investiga-
tion of the electromagnetic effects in the dynamical en-
vironment of the Galactic center, requires further, more
sophisticated analyses and simulations.
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